Abstract: NASA's Science Mission Directorate In-Space Propulsion Technology Project is funding the development of a high voltage Hall accelerator to advance the current state-of-the-art for Hall Thrusters. The goal of the high voltage Hall accelerator project is to develop a flight-like, engineering model Hall thruster that can meet future NASA Discovery-Class mission requirements. These anticipated mission requirements are met by a thruster that operates over a range of input powers from 300 to 3500 watts, attains specific impulses from 1,000 to 2,800 seconds, and processes 300 kg of xenon propellant at full power. To demonstrate the high voltage Hall accelerator project goal, two laboratory thrusters have been built and tested. The latest thruster, the NASA-103M.XL, incorporated a life-extending innovation. To date, this thruster has been operated for 4,731 hours at a discharge voltage of 700 volts and has successfully demonstrated the life extending innovation. In 2007, NASA Glenn Research Center teamed with Aerojet to design and fabricate a flight-like high voltage Hall accelerator engineering model thruster which incorporated this life extending innovation. The thruster was designed to withstand the structural and thermal loads encountered during NASA science missions, in addition to meeting the performance and lifetime requirements of NASA Science missions. Aerojet and NASA Glenn Research Center have completed the engineering model thruster design, structural and thermal analysis, fabrication of thruster components, and have assembled one engineering model thruster. Preliminary performance characterization of the engineering model thruster has been performed for discharge power levels up to 2,500 watts. Performance characterization results indicate that EM-1 thruster discharge performance was 5-15% higher than that of the NASA-103M.XL thruster for similar power levels. In addition to the thruster development, the HiVHAc project has been leveraging power processing unit and xenon feed system developments sponsored by other projects but that can apply directly to a HiVHAc system. The goal is to advance the TRL level of a HiVHAc Hall thruster propulsion system to level 6.
I. Introduction
NASA's science vision requires the scientific exploration of our planet, other planets and planetary bodies, our star system in its entirety, and the universe beyond. Through this vision the intellectual foundation for the robotic and human expeditions of the future is laid and formed.
1 Electric propulsion systems enable and improve NASA's ability to perform scientific exploration. As such, NASA continues the development of advanced electric propulsion technologies in order to increase its capability to perform solar system exploration missions. To date a number of NASA missions have successfully demonstrated and employed electric propulsion systems in missions like Deep Space 1 and Dawn. 2, 3 More recently, new electric propulsion technology activities are underway and are the responsibility of the In-Space Propulsion Technology Program (ISPT), as part of NASA's Science Mission Directorate (SMD). 1 The main focus of this program is NASA's Evolutionary Xenon Thruster (NEXT) ion thruster propulsion system, 4 In 2004 the In-Space Propulsion Technology Program conducted a study to quantify the potential benefit of using the NEXT propulsion system which is nearing flight readiness, the NASA Solar electric propulsion Technology Application Readiness (NSTAR) ion thruster system which is flight qualified, and a Hall thruster propulsion system with characteristics based on the HiVHAc thruster.
however, ISPT is also developing the high voltage Hall accelerator (HiVHAc) thruster as a lower cost electric propulsion alternative for future cost constrained missions.
5,6 1
This study considered New Frontier-Class science missions, that are currently cost capped at around $800 M, and DiscoveryClass science missions, that are currently cost capped at around $450 M. The Hall thruster propulsion system was considered as part of this mission study due to advancements in Hall thruster technology that had occurred during the prior years. These advancements included increases in throttle-ability, specific impulse, and thruster efficiency 7 and the successful demonstration of Hall thruster propulsion systems for primary propulsion applications. 8, 9 The proposed Hall thruster system evaluated during this technology mission assessment was a system envisioned to operate at power levels of 200 -2,800 watts (W) while providing specific impulse ranging from 1500 to 2800 sec. 10 The results of this assessment were that a Hall thruster system with these performance capabilities and the ability to provide total impulses approaching that of ion thruster systems provided substantial cost and performance benefits relative to the other advanced electric propulsion technologies for certain types of NASA's Discovery-Class science missions.
5
As a result of this study, the development of a Hall thruster with these characteristics was included as part of the ISPT's technology development portfolio. More recently, mission studies were performed to compare the performance of the HiVHAc 3,500 W thruster to the BPT-4000 4,500 W Hall Thruster Propulsion System (HTPS). 11 11 These studies were performed for three NASA Discovery-Class missions: Vesta-Ceres rendezvous mission (Dawn Mission), Koppf comet rendezvous, and Nereus sample return mission. Results from the mission studies indicated that the HiVHAc thruster was able to close all the missions and the HiVHAc delivered mass at target was 6-12% higher than the BPT-4000 thruster for the Dawn and Koppf comet rendezvous. The main reason for the higher HiVHAc delivered mass capability is its higher specific impulse (~2,800 sec) when compared to the BPT-4000 thruster (~2,200 sec).
, 12 The goal of the HiVHAc thruster development activity is to fully demonstrate an engineering model (EM) Hall thruster that has a throttling range of 12:1 for power levels between 300 and 3,500 W, 10 has a thrust efficiency > 0.55 at full power, can attain a specific impulse of 2800 seconds (sec) at 700 volts (V), and has a xenon throughput capability > 300 kg corresponding to an operational lifetime of >15,000 hrs. 13 To achieve the HiVHAc project goals, two laboratory thrusters were built and tested. This paper provides an overview of these laboratory thrusters and summarizes the major highlights of the tests conducted with the NASA-77M and NASA-103M.XL thrusters. The paper also provides an overview of the flight-like, HiVHAc EM thruster development activity at Aerojet and NASA GRC including the analysis, design, manufacturing, and assembly tasks. The functional, performance, environmental, and long duration testing plan of the HiVHAc EM thruster is outlined. Preliminary performance results from the HiVHAc EM thruster are also presented. Finally, evaluation of candidate options for system components of the HiVHAc thruster system are highlighted with emphasis on the power processing unit (PPU) and xenon flow system (XFS). 
II. Laboratory HiVHAc Thrusters
To demonstrate the HiVHAc project goals, three laboratory thrusters were built: NASA-77M, NASA-94M, and NASA-103M.XL. The NASA-77M was the first laboratory thruster built and tested, it was designed to operate with input powers between 0.2 and 2.8 kW. The NASA-77M demonstrated a 14:1 throttle range, specific impulse levels between 922 and 2,911 sec and thrust efficiencies between 0.31 and 0.54. 10 The NASA-77M was also subjected to two 300 hours wear tests to assess discharge channel wear characteristics for boron nitride and boron nitride/silicon dioxide discharge channels. 13 The measured discharge channel erosion profiles illustrated and confirmed the sensitivity of the erosion profiles to the magnetic field streamlines shape. 13 The measured erosion profiles also provided insights into magnetic circuit design improvements that were implemented in the design of the HiVHAc EM thruster. Finally, the wear test results were used to benchmark numerical erosion simulations and to gain insight into the erosion characteristics of high performance Hall thruster at voltages above 400 V.
The NASA-94M was the second laboratory thruster built by Aerojet. The NASA-94M thruster operating power range was changed to 0.3-3.5 kW from the original 0.3-2.8 kW. 13 An additional requirement on the NASA-94M was that it have an operational lifetime of 7,500 hours at full power which is equivalent to a xenon propellant throughput of 150 kg (equivalent to that of the NSTAR ion thruster). As a result of the additional power and lifetime requirements the discharge channel diameter was increased due to the NASA-94M increased operating power and a new magnetic circuit was devised to accommodate the discharge channel size growth. 13 Due to schedule constraints, the NASA-94M was never tested. The final HiVHAc laboratory thruster that was designed, built, and tested was the NASA-103M.XL(eXtended Life). The NASA-103M.XL incorporates an innovation that enables a more than twofold increase in lifetime relative current SOA Hall thrusters. The performance of the NASA-103M.XL thruster was experimentally evaluated. The thruster's total efficiency varied between 0.33 and 0.55 at power levels between 0.3 and 3.5 kW, respectively. The thruster specific impulse varied between 1,062 sec and 2,779 sec at power levels between 0.3 and 3.5 kW, respectively. 14, 15 Performance results are presented in Figure 1 . Additionally, Figure 1 shows that thruster performance improved with increasing thruster power. After completion of the initial thruster performance characterization, wear testing of the NASA-103M.XL thruster was initiated. The primary goal of wear testing the NASA-103M.XL thruster was to demonstrate the life extending innovation. To date, the thruster has been operated for 4,731 hours at a discharge voltage of 700 V demonstrating its life extending innovation. For the first 3,623 hours the thruster was operated at 3.5 kW. For the next 1,108 hours the thruster was operated at a power level of 3. 
III. HiVHAc System Component Development and Testing
After the successful demonstration and validation of the life extending innovation with the NASA-103M.XL laboratory thruster, NASA GRC teamed with Aerojet to design, fabricate, and test a HiVHAc EM thruster. The goal of the EM thruster design and manufacturing effort is to demonstrate a technology readiness level (TRL) of 6.
1 The EM thruster design and build incorporates the life extending innovation while aiming to meet and exceed the performance and lifetime levels of the NASA-103M.XL thruster. In addition, the HiVHAc EM thruster is designed to survive structural and thermal environments for representative spacecraft/mission requirements such as the deep space reference mission identified for NEXT.
4 To achieve the HiVHAc EM thruster design and development goals an extensive analysis, design, manufacturing, and testing plan was devised as detailed in the subsequent sub-sections. 16 In addition to the thruster development, the HiVHAc project has been leveraging PPU and XFS developments that have been sponsored by other projects but that can apply directly to a HiVHAc system. The goal is to advance the TRL level of a HiVHAc Hall thruster propulsion system to level 6.
A. HiVHAc Engineering Model Thruster
NASA GRC tasked Aerojet with designing, manufacturing, and assembling the HiVHAc EM thruster. The goal of the design was to leverage all the experience, knowledge, and lessons learned during the development of the NASA-77M, 94M, and 103M.XL thrusters in addition to incorporating all of Aerojet's experience in building the flight qualified BPT-4000 HTPS. The NEXT environmental requirements (both structural and thermal) were used in the HiVHAc thruster design. 17 12 . As for the thermal requirements, the hot environment was based on a Venus flyby mission and the cold environment is based on a distance of 4 AU from the Sun.
Design, Analysis, and Manufacturing
The HiVHAc EM thruster design leverages Aerojet's experience with the development of the BPT-4000 flight-qualified Hall thruster. In addition, the EM thruster design incorporates the lessons learned from designing, fabricating, and testing of the NASA-77M and the NASA-103M.XL laboratory thrusters. The EM thruster design minimizes the mass, part count, the use of tight tolerances, and the use of complex manufacturing processes without compromising the EM thruster's design fidelity. All these factors result in reduced thruster manufacturing costs. Some key EM thruster design features include an integrated magnetic structure, a low cost anode design, a heritage 6.35 mm hollow cathode, a low cost propellant isolator, and a thermally efficient robust electromagnet design. 16 In addition, the gimbal/vibe simulator design leverages the low mass NEXT design by scaling down that design to accommodate mechanical interfaces to thruster's circumference.
The analysis task utilized magnetic, erosion, structural, and thermal modeling tools. These tools were implemented to assure that lessons learned from the NASA-103M.XL thruster and Aerojet's BPT-4000 flight thruster were incorporated in the HiVHAc EM thruster design. Magnetic circuit modeling was performed at NASA GRC in consultation with Aerojet. The objective of the magnetic circuit design was to reduce the magnetic circuit complexity and part count as well as reducing the cost of manufacturing the magnetic circuit components. As was found from the NASA-77M and the NASA-103.MXL discharge channel erosion profiles, boron nitride channel erosion profiles are closely coupled to the magnetic streamlines shape. As such, the HiVHAc EM incorporated all the lessons learned from those the earlier thruster designs and test results. Finally, experience has shown that in many circumstances the experimentally measured radial magnetic field profile and magnetic streamline shapes do not match the design profiles and shape. This is mainly due to variations in the magnetic properties of the machined magnetic circuit components when compared to the properties used when performing the magnetic circuit modeling. As a result, detailed magnetic material property testing was performed on various samples of the magnetic circuit components to reduce the uncertainty associated with the magnetic material properties.
Erosion modeling and life assessment of the EM thruster were made using an Aerojet developed code. 18 The code uses parameters such as discharge voltage and current, magnetic field magnitudes, and mechanical design characteristics to predict the thruster's discharge chamber erosion rates and profiles over time. The code has been extensively applied and successfully predicted the measured erosion profiles of the SPT-100, BPT-2000, and BPT-4000 Hall thrusters. In addition, the code accurately predicted the measured erosion profiles of the NASA-103M.XL while the thruster was operated at 700 V over a range of discharge current and magnetic field settings. As such, the code was implemented to predict the necessary channel parameters that would be required to have an EM thruster lifetime in excess of 15,000 hours. The EM thruster environmental (both structural and thermal) requirements were derived from the NEXT thruster technical requirements document and are representative of the requirements for a NASA New Frontier-Class mission. 17 These requirements were deemed sufficiently stringent as to encompass future Discovery-Class mission requirements. Lessons learned from the design and qualification of Aerojet's BPT-4000 Hall thruster were applied to the structural and thermal design of the HiVHAc EM thruster. 16 Structural analysis included assessments of the thruster and its mounting interface with a gimbal in order to support vibration testing with a vibe simulator. Figure 3 shows Y-displacement contours of the EM thruster finite element model. Thermal analysis was performed to assure sufficient clearances between the various thruster components to allow for thermal expansion, to assure that appropriate materials are used, and to assure that the thermal load for the spacecraft interface is consistent with the expected thruster operating environment. Figure 4 shows a finite element model of the HiVHAc EM thruster for thermal modeling. Thermal modeling results indicated that certain thruster components' temperature exceeded their desired or intended design values. As such thermal characterization of the NASA-103M.XL thruster was performed to provide temperature data used to compare with and validate the thermal modeling results at power levels between 2.30 and 3.55 kW. 19 The EM thruster components were manufactured and fabricated at Aerojet's Redmond facility where the flight BPT-4000 Hall thruster systems are built.
As a result of the thermal characterization measurements, the EM thruster design was modified to account for the higher than initially expected thruster component temperatures. 20 Some manufacturing work occurred at NASA GRC to support the manufacturing schedule needs. Components for two EM thrusters were fabricated. To date, one thruster has been assembled and has been delivered to NASA GRC. HiVHAc EM-1 is shown in Figure  5 . 
Testing
Prior to thruster assembly, vibration testing of a HiVHAc mass simulator unit was performed at Aerojet, testing results confirmed the structural simulation predictions for the mass simulator geometry and verified the structural integrity of the hollow cathode assembly design and mounting scheme. In addition, anode flow symmetry in the discharge chamber was verified for both anode manifolds (EM-1 and EM-2) at Aerojet.
After completing assembly of HiVHAc EM-1, functional tests were performed to ensure hardware readiness for vacuum discharge testing. Functional tests were performed at NASA GRC and Aerojet and included electrical insulation resistance and component resistance measurements (isolation) of the thruster components to assure that no voltage breakdowns occur. Magnetic field mapping of the discharge channel was performed to map the radial magnetic field profile of EM-1. The functional resistance tests of EM-1 met and exceeded the projected values. Measured radial magnetic field profiles along the centerline of EM-1 discharge chamber agree with recent magnetic circuit simulations.
Preliminary performance mapping of the EM-1 thruster at various operating conditions was performed at NASA GRC Electric Propulsion Laboratory vacuum facility 8 (VF-8). The performance of the HiVHAc EM-1 thruster was characterized at discharge voltages of 200, 300, 400, and 500 V for anode flow rates between 1.81 and 5.48 mg/sec. Operation at higher discharge voltages was not attained due to intermittent voltage breakdowns at 600 V which necessitated testing stoppage to avoid possible damage to the thruster. The cause for the voltage breakdowns has been identified, corrected and testing at 600 and 700 V is planned for the near future. Testing results indicated that the HiVHAc EM-1 thruster discharge efficiency varied between 0.35 and 0.60 for thruster operation at discharge power between 281 and 2,502 W. The discharge specific impulse magnitudes varied between 1,173 and 2,443 sec for thruster operation at discharge power between 281 and 2,502 W. Discharge efficiency and specific impulse results of the HiVHAc EM-1 thruster were 5-15% higher than the NASA-103M.XL thruster for similar power levels. Details of the HiVHAc EM-1 preliminary characterization tests are presented in Reference 21 Figure 6 outlines the HiVHAc EM thruster testing roadmap. The goal is to mature and qualify a HiVHAc thruster to a TRL of 6. Once the thruster passes all the functional, performance, environmental testing, and a short duration test to verify the life extending innovation operation in the EM thruster, a long duration test (LDT) will be initiated at NASA GRC. The long duration test is planned to be conducted in Vacuum Facility 7 (VF-7). VF-7 is 3 m in diameter and is 4.6 m long. VF-7 is evacuated with five 0.89 m diameter oil diffusion pumps with a combined pumping speed of 125,000 L/sec (air). The facility walls are being lined with 1.3 cm thick graphite paneling to reduce the back-sputtered material flux to the thruster and test support hardware. The thruster will be mounted on an inverted pendulum thrust stand as previously used.
. 22 • A quartz-crystal microbalance (QCM) which will be mounted next to the EM thruster to help quantify the backsputter rate and will be microscopically analyzed upon conclusion of the LDT, A number of diagnostics will be implemented during the LDT including:
• Pinhole cameras will be mounted next to the thruster exit plane to determine source of backsputtered material and will be microscopically analyzed upon conclusion of the LDT, • Quartz witness plates will be installed along the length chamber walls and will be microscopically analyzed upon conclusion of the LDT, • Ion flux probes will be mounted on x-y translation tables. The probes will help quantify the thruster's beam divergence and how the ion flux profiles vary with channel erosion, • Retarding potential analyzers (RPA) to measure the ion energies in the thruster plume, • EXB probe which will be mounted at the end opposite to the thruster inside VF-7 to measure the single to double ion ratio, and • An optical/graphical technique to measure and map the boron nitride channel erosion while the thruster is under vacuum. 
B. Power Processing Unit Candidate Options
The functional requirements of a HiVHAc PPU are that it can operate over a wide power throttling range of 300 to 3,800 W, over a range of output voltages between 200 and 700 V and output currents between 1.4 and 5 A as the input varies over a range of 80 to 160 V. Additional environmental requirements were derived from the NEXT thruster requirements documents. 17 A number of possible options are available for development of a HiVHAc PPU. One option is to modify the design of the BPT-4000 PPU so that it can be used to power both the HiVHAc and the BPT-4000 thrusters. In its current configuration, the BPT-4000 PPU contains two parallel discharge modules that operate from a regulated input voltage of 70 V and up to an output voltage of 400 V. 23 Another option is to develop a HiVHAc PPU that is a new custom design like the one being developed by Colorado Power Electronics, Inc. (CPE) under a Small Business Innovative Research (SBIR) contract with NASA GRC. The discharge supply in this unit uses an innovative three-phase resonant topology capable of efficiently delivering full power over the wide input and output voltage ranges. The resonant transitions result in very high conversion efficiency for the entire operating range while the three-phase topology inherently reduces input and output filtering requirements. Two brassboard 2 kW discharge power supply modules that operate in parallel have been fabricated and bench tested. Figure 7 shows a photograph of two (master and slave) brassboard discharge power supply modules.
Some design modifications have to be made to enable operation over wider input voltage ranges required for the HiVHAc system. To meet the higher output voltage requirements, the modules can be reconfigured to operate in series. Utilizing the BPT-4000 PPU will leverage and rely on a proven flight heritage design. Integration tests with the NASA-103M.XL thruster were conducted at NASA GRC to characterize the performance of the discharge power supply modules, verify stable operation with a dynamic thruster load, and ensure that the master/slave current sharing circuitry performs well during ignition and steady-state conditions. The efficiency of the discharge power supply modules was characterized while operating the thruster for a wide range of output voltages and power levels. Efficiency was calculated as the ratio of output to input power of the discharge supply not including housekeeping power. Figure 8 shows a plot of efficiency versus output power for an input voltages of 80, 120, and 160 V. For the 80 V input case, the efficiency is higher than 0.95 for output power levels higher than 1.8 kW and higher than 0.94 for outputs higher than 1.0 kW. Small reductions are observed at 120 and 160 V inputs.
C. Xenon Feed System Candidate Options
At least three technology options are available for a xenon feed system (XFS) for the HiVHAc system. The first option is use of the BPT-4000 Moog supplied XFS which has been qualified with the BPT-4000 thruster. This XFS utilizes a Moog Propellant Management Assembly (PMA) and a single proportional flow control valve (PFCV) and works in closed loop control with the BPT-4000 PPU. 24 11 Anode and cathode orifices within the solenoid valves are appropriately sized to isolate the anode and cathode flow and provide appropriate flow amounts. To date, the BPT-4000 XFS has demonstrated over 6750 hours of qualification testing and it is at a TRL of 8 and will fly in 2010 on the first advanced EHF satellite. The second option is the use of the NEXT thruster high and low pressure assemblies (HPA and LPA). The NEXT propellant management system (PMS) has the ability to provide independent control of the xenon flow rate to the anode and cathode elements as well as increased precision in the cathode flow rate through the use of thermal throttle control device (FCD) coupled with the PFCV. 25 The third XFS that is available is the VACCO advanced xenon feed system (AXFS). The AXFS consists of two flow control modules (FCMs), one pressure control module (PCM), and is controlled with a controller that is operated by Labview.
The NEXT XFS is currently at a TRL of 6. 26 26 Preceding the hot-fire testing, the FCMs and PCM underwent functional and environmental testing at VACCO and the Naval Research Laboratory (NRL), respectively. The AXFS was originally designed to operate with NASA's NEXT ion thruster, though with minor modifications hot-fire testing was completed on the NASA-103M.XL thruster. The AXFS represents a dramatic improvement over the NSTAR flight feed system and also represents an additional 70% reduction in mass, 50% reduction in footprint, and 50% reduction in cost over the baseline NEXT feed system also at TRL 6. The project successfully completed the integrated system testing and advanced the modules to TRL 6. The individual components of the FCMs and PCM include piezoelectric actuated control valves, micro latching valves, micro pressure and temperature sensors, and an electronics board. The AXFS is analogous to an integrated chip approach with the components and flow channels integrated into a single module. The ability to package the system efficiently also makes it more practical for full redundancy. VACCO completed a reliability analysis and predicted a mean time between failure (MTBF) of 28 years, well beyond the mission requirement. 27 The AXFS is the as-tested feed system, however; data has so far indicated the possibility to use a single module for control directly from the tank to the thruster. Figure 9 shows a photograph of the VACCO AXFS mounted on the NASA-103M.XL thrust stand in VF8 bell jar. Hot fire testing results of the AXFS with the NASA-103M.XL HiVHAc thruster are presented in Figure  10 . Results in Figure 10 present normalized thrust magnitudes for the NASA-103M.XL thruster operating with two laboratory mass flow controllers, the AXFS in close-loop pressure control mode, and AXFS in close-loop current control mode. In the close loop current control mode, the AXFS was commanded to operate the thruster at a prescribed discharge current magnitude. The electromagnet settings were adjusted manually to correspond to their appropriate values at that discharge current value. Then the AXFS continually adjusted the anode flow rate to maintain the thruster operation at the set discharge current magnitude. Results in Figure 10 indicate an almost identical thruster performance. Additional details about the VACCO AXFS and hot fire testing with the NASA-103M.XL can be found in Reference 26.
IV. Conclusions and Planned Future Work
The HiVHAc development project has successfully demonstrated a 3.5 kW laboratory Hall thruster that has thrust efficiency and specific impulse performance levels of 0.55 and 2,779 sec, respectively at 3.5 kW. The NASA-103M.XL thruster has a life-extending innovation that will provide the necessary thruster lifetime to meet NASA Science mission requirements. As a result of demonstrating the NASA-103M.XL thruster operation for 4,731 hours at 700 V, a task was initiated with Aerojet to design, fabricate, and test a 3.5 kW engineering model Hall thruster that incorporates the life extending innovation. Aerojet and NASA GRC have completed all the engineering model thruster design and components manufacturing. One engineering model thruster has been assembled and preliminary performance characterization has been performed and results indicate improved EM thruster performance over the NASA-103M.XL thruster. Evaluation of candidate options of other components of the HiVHAc Hall thruster system is on-going. 
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